RNA turnover and RNA editing are essential for regulation of mitochondrial gene expression in Trypanosoma brucei. RNA turnover is controlled in part by RNA 3 adenylation and uridylation status, with trans-acting factors also impacting RNA homeostasis. However, little is known about the mitochondrial degradation machinery or its regulation in T. brucei. We have identified a mitochondrial exoribonuclease, TbRND, whose expression is highly up-regulated in the insect proliferative stage of the parasite. TbRND shares sequence similarity with RNase D family enzymes but differs from all reported members of this family in possessing a CCHC zinc finger domain. In vitro, TbRND exhibits 3 to 5 exoribonuclease activity, with specificity toward uridine homopolymers, including the 3 oligo(U) tails of guide RNAs (gRNAs) that provide the sequence information for RNA editing. Several lines of evidence generated from RNAimediated knockdown and overexpression cell lines indicate that TbRND functions in gRNA metabolism in vivo. First, TbRND depletion results in gRNA tails extended by 2-3 nucleotides on average. Second, overexpression of wild type but not catalytically inactive TbRND results in a substantial decrease in the total gRNA population and a consequent inhibition of RNA editing. The observed effects on the gRNA population are specific as rRNAs, which are also 3-uridylated, are unaffected by TbRND depletion or overexpression. Finally, we show that gRNA binding proteins co-purify with TbRND. In summary, TbRND is a novel 3 to 5 exoribonuclease that appears to have evolved a function highly specific to the mitochondrion of trypanosomes.
form (PF) life cycle stages (27, 30 -33) , suggesting that the stability of specific RNAs is regulated developmentally and/or in response to external or internal signals. There is also evidence of regulation of the ratio between edited and pre-edited forms of a given mRNA (11, (33) (34) (35) (36) (37) (38) that could depend on both the inherent stability of the two forms of the transcript and on regulation of the RNA editing process.
Cis-acting elements that may impact mitochondrial RNA decay in trypanosomes include a variety of non-encoded 3Ј tails that are present on almost all RNA classes. Monocistronic maxicircle mRNAs possess 1-40-nt non-encoded oligomer tails, the compositions of which can vary depending on the RNA (11, 33, 39 -41) . These mRNA 3Ј tails appear to regulate RNA stability and decay with differing effects depending on the editing status of the RNA (11, 38, 39, 42) . Additionally, long tails of 100 or more nucleotides composed of A/U polymers (11, 39) are added to a limited number of never-edited and edited RNAs and may play a role in translation (11, 43) . gRNAs possess non-encoded oligo(U) tails of 5-14 nucleotides (44) that play a role in gRNA function by stabilizing gRNA/mRNA interactions (45) (46) (47) . Finally, maxicircle-encoded 9 S and 12 S rRNAs also possess oligo(U) tails (39, 48) , although their function is not clear. Thus, non-encoded 3Ј tails of kinetoplastid mitochondrial RNAs likely compose part of a complex network of RNA stabilization and destabilization pathways and play a critical role in gene regulation. Presumably, these 3Ј non-encoded tails serve as targets for trans-acting factors, including RNA-binding proteins and ribonucleases that determine the fate of a particular RNA whether that fate would be functionality or decay.
Only three exoribonucleases have been previously described in trypanosome mitochondria. Two of these, KREX1 and KREX2, are apparently devoted to U-deletion RNA editing (49 -51) . Both are U-specific exoribonucleases and components of the editosome that catalyzes RNA editing (52) (53) (54) (55) (56) . The only non-editosome mitochondrial exoribonuclease that has been studied in detail is the RNR family enzyme, TbDSS-1 (57) (58) (59) . TbDSS-1 interacts with the RNA helicase, TbSUV3, and functions in RNA surveillance and decay of non-functional byproducts of primary transcript processing. In addition, down-regulation TbDSS-1 leads to a range of pleiotropic effects on mitochondrial RNA populations that are not well understood.
The study of mitochondrial exoribonucleases is integral to our understanding of mitochondrial gene regulation and will provide insight into the roles of non-encoded 3Ј tails in regulatory pathways. Here, we present in vitro and in vivo analysis of a novel mitochondrial exoribonuclease that we term TbRND, which is the first organellar member of the RNase D subfamily of the DEDD nucleases (21) . In vitro, TbRND exhibits U-specific 3Ј to 5Ј exoribonuclease activity. In vivo, the enzyme is mitochondrially-localized and strongly developmentally regulated. Studies in PF T. brucei involving both RNAi-mediated knockdown and overexpression demonstrate that gRNAs are a specific target of this enzyme. Overexpression of TbRND results in a depletion of the gRNA population and a consequent inhibition of RNA editing. We also show that tandem affinity purification (TAP)-tagged TbRND associates with several members of the mitochondrial RNA binding complex 1 (MRB1) complex including the GAP1/2 (also known as GRBC1/2) proteins (39, 60, 61) , consistent with a role in gRNA metabolism.
EXPERIMENTAL PROCEDURES
cDNA Cloning and Plasmid Construction-Oligonucleotides used for cloning are shown in supplemental Table S1 . The gene encoding the TbRND open reading frame (Tb09.211.3670, NCBI accession number EAN77178) was inserted between the HindIII and BamHI sites in the pLEW-MHTAP plasmid (62) to generate pRND-MHT for tetracycline (tet)-regulated expression of TbRND with a C-terminal myc-His 6 -TAP tag in T. brucei. For expression of tet-inducible RNAi, nucleotides 1-825 of the TbRND gene were cloned into the p2T7-177 plasmid (63) between BamHI and HindIII restriction sites internal to opposing T7 promoters to generate p2T7-177TbRND. For bacterial expression studies, the TbRND open reading frame was cloned into pET42a (Novagen) between 5Ј BamHI and 3Ј HindIII sites to generate pET-RND, which expresses TbRND with an N-terminal glutathione S-transferase (GST)/His tag in Escherichia coli. The mutant pET-RND-D80A and pRND-D80A-MHT plasmids were constructed from the TbRND wild type plasmids using the QuikChange II site-directed mutagenesis kit (Stratagene).
T. brucei Cell Culture, Transfection, and Induction and Mitochondrial Extract Preparation-PF T. brucei strain 29-13 (from Dr. George A. M. Cross, Rockefeller University), which contains integrated genes for the T7 RNA polymerase and the tet repressor, were grown in SDM-79 media supplemented with 10% fetal bovine serum (FBS) as indicated previously (64) . BF single marker T. brucei cells (also provided by Dr. George A. M. Cross) were cultured in HMI-9 media supplemented with 10% FBS and 10% Serum Plus (SAFC) (64) . To generate a tet-inducible clonal TbRND RNAi cell line, NotI-linearized p2T7-177TbRND was transfected into 29-13 cells, resulting in two phleomycin-resistant polyclonal cultures. Six clones per culture were obtained by limiting dilution and induced with tet at 1 ϫ 10 6 cells/ml, with cells harvested at day 3 for RNA and protein collection. pRND-MHT was transfected into 29-13 cells, resistant cells were selected by phleomycin, and clones were obtained by limiting dilution. Tet-induced cells at 2 ϫ 10 6 cells/ml starting concentration were harvested at 2 days for protein and RNA collection. In all cases cells were induced at 2.5 g/ml tet, and for growth curves, cells were induced at a concentration of 1 ϫ 10 6 cells/ml and diluted as necessary every 24 -48 h. Values from three independent growth experiments were averaged to generate growth curves with experimental error bars depicting S.D. Mitochondrial extract of 29-13 cells was prepared as described (65) .
Antibodies and Immunoblotting-Rabbit polyclonal serum was raised against purified recombinant GST-His-TbRND (see below) by Proteintech Group, Inc. (Chicago, IL). TbRND antisera were affinity-purified with GST-his-TbRND bound to nitrocellulose. The purified antisera recognized a band of just Ͼ40 kDa in lysates from 29-13 T. brucei (supplemental Fig. S1) . The entire open reading frame of GAP1 was cloned into pET21A for the expression of His-GAP1 in E. coli. Protein purified on a nickel column under denaturing conditions was used to raise rabbit polyclonal antisera, which were affinity-purified as described above. Affinity-purified GAP1 antisera recognized a band of just Ͼ55 kDa in T. brucei cell lysates. Affinity-purified polyclonal anti-peptide antibodies against CGASKESDS (Tb927.2.6070, NCBI accession number AAQ16064) were purchased from Bethyl Laboratories. A commercial antibody was used for detection of the Myc tag (Immunology Consultants Laboratory, Inc., Newberg, OR). Anti-HSP70 antibodies were generously provided by James Bangs (University of Wisconsin). Previously described were antibodies against GAP2 (60), MRP2 (66), TbRGG2 (67), PRMT1, PRMT6, and PRMT7 (68) . For Western analysis, cells were counted using a hemacytometer, and total cells were pelleted, resuspended in PBS with SDS-PAGE sample buffer, and boiled before SDS-PAGE and immunoblotting. Alternatively, in the case of the cell fractionation experiment, total cell lysates were prepared by passing cells in protein extraction buffer (150 mM sucrose, 20 mM KCl, 3 mM MgCl 2 , 20 mM HEPES (pH 7.9), 1 mM DTT, and 0.2% Nonidet P-40) 3 times through a 26-gauge needle, and mitochondrial lysates were obtained as described (65) . QuantityOne software (Bio-Rad) was used in densitometric analyses of TbRND levels in immunoblots.
Fluorescence Microscopy-Mitochondria were labeled by treating cells with 250 nM MitoTracker Red CMXRos in SDM-79 for 15 min before cell harvest using a modification of the protocol in Engstler and Boshart (69) . Briefly, cells were fixed in suspension on ice for 30 min with 4% paraformaldehyde. Fixed cells were incubated for 1 h with Anti-c-Myc (9E10) mouse monoclonal IgG (Santa Cruz Biotechnology) at a dilution of 1:50. Anti-mouse Cy5 conjugated antibody (Chemicon) at a 1:200 dilution was used as a secondary antibody in a 30-min co-incubation with DAPI, and cells were mounted as described. A Zeiss Axioimager Z1 fluorescence microscope and AxioVision software were used to visualize trypanosomes. Cells untreated with Mitotracker and cells untreated with c-Myc were also visualized for each experiment (not shown) to verify that the Mitotracker and Cy5 signals did not overlap.
RNA Extraction, Nucleic Acid Blotting, and Guanylytransferase Labeling-Total RNA from cells was extracted from uninduced and induced TbRND RNAi and TbRND-MHT cells using TRIzol reagent (Invitrogen). A further phenol/chloroform/isoamyl alcohol (25:24:1) extraction was performed on RNA with A 260 /A 280 ratios less than 2.0. For rRNA blots, 2 g of total RNA was incubated with 2 pmol of the near-3Ј end antisense oligo for either 9 S or 12 S (supplemental Table S1 ), and cleavage with RNase H was performed as described (31) . After phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation, one-half of the reaction was loaded on a 30-cm 10% polyacrylamide denaturing gel to separate rRNA 3Ј ends to single nucleotide resolution. RNA was then transferred to a charged nylon membrane by semidry transfer in 0.5ϫ Tris borate-EDTA buffer, and the blots were probed with end-labeled DNA oligonucleotides antisense to the extreme encoded 3Ј ends of 12 S and 9 S (supplemental Table S1) as described previously (31) . Guanylyltransferase labeling was performed as described (70, 71) . QuantityOne software (Bio-Rad) was used in densitometric analyses of radiograms generated by scanning rRNA blots and guanylyltransferase-labeled RNA gels with BioRad Personal Imager FX.
qRT-PCR-For qRT-PCR, 4 g of RNA was treated with a DNase kit (Ambion) to remove any residual DNA. RNA was reverse-transcribed and amplified using a MyiQ single-color real-time PCR detection system as described (72) using primers specific to never edited, pre-edited, edited, and pre-processed RNAs described in Refs. 11 and 72-74.
Bacterially Expressed TbRND Purification and in Vitro RNA Degradation Assay-Bacterial cells harboring the pET42a-RND or pET-RND-D80A plasmids were grown in LB with 2% ethanol to enhance exogenous protein solubility. After growth at 37°C to an optical density of 0.6, cells were induced with 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside and allowed to grow for 20 h at 17°C. After harvesting, cells were sonicated, and the TbRND fusion protein was purified from crude extracts by sequential affinity chromatography on TALON resin (Clontech) and glutathione-agarose, resulting in nearly pure protein preparations that were quantitated by comparison with BSA standards on Coomassie-stained SDS-PAGE. These proteins and TbRND-MHC (see below) were analyzed in an RNA degradation assay as described (38, 42) with slight modifications. Briefly, a 50-l reaction volume contained nuclease buffer, 5 mM MgCl 2 , 0.01 pmol of end-labeled RNA oligonucleotides (51) or end-labeled in vitro transcribed gA6 [14] (75), and the indicated amounts of the purified enzymes. Reaction mixtures were incubated at 24°C for the times indicated and stopped by the addition of 5 l of stop buffer (50 mM EDTA and 0.2% SDS). RNAs were extracted with acidic phenol/chloroform/isoamyl alcohol (25:24:1), and 20 l of the aqueous layer was added to 20 l of 90% formamide loading buffer. Samples were heated for 5 min at 95°C. Equal volumes of each reaction mixture were then analyzed by electrophoresis on 12.5% acrylamide denaturing gels followed by phosphorimaging analysis.
TAP Purification, LC-MS/MS, and Glycerol
Gradients-TAP purification of TbRND, PRMT7, and PRMT6 (68) was performed as described in Schimanski et al. (76) . Purified TbRND-MHC was quantitated by comparison with BSA protein standards on silver-stained SDS-PAGE. 5.6 g was sent to Seattle BioMed for LC-MS/MS, and 1.5 g was extensively washed in a YM-10 Microcon concentrator to exchange the calmodulin elution buffer for 50 mM Tris (pH 8) and was concentrated under vacuum to yield a final protein concentration Ͼ1.5 mg/ml. The preparation was then subjected to a highly efficient and high-recovery precipitation and an on-pellet digestion procedure described previously (77) . Briefly, a dual enzyme and dual activation strategy was employed for a comprehensive proteomic identification. For proteolytic digestion, each purified sample was split, and two enzymes were employed individually in parallel: trypsin (cuts at Lys and Arg) and Staphylococcus aureus V8 protease (Glu-c; cuts at Asp and Glu). A high resolution and highly reproducible nano-LC gradients coupled to a LTQ/Orbitrap/ETD analyzer was employed for identification of captured proteins. Data base searching was carried out using the SEQUEST algorithm implemented on a 64-node supercomputer at the University at Buffalo Center for Computation Research. A set of highly stringent criteria were used to minimize false-positive identifications, which includes precur-sor mass tolerance of 10 ppm and high correlation score (Xcorr) cut-offs; additional criteria are that peptide and protein probability must be 95 and 99.9% or higher, and the false discovery rate must be lower than 0.1% as determined by decoy data base search. Finally, two unique peptides must be identified for each protein. Glycerol gradient analysis of mitochondrial extracts was described previously (67) . Ten l from each fraction was analyzed by immunoblotting for TbRND.
RESULTS

The RNase D Family Protein TbRND Is Mitochondrial and
Expressed in PF Cells-In an effort to identify exoribonucleases responsible for mRNA decay in T. brucei mitochondria, we performed a bioinformatic analysis. We first utilized degenerate motifs for various exoribonuclease classes (21) to interrogate the T. brucei genome data base. Of the positive hits that were potentially mitochondrial based on putative N-terminal targeting sequences, we identified the RNA editing exoribonucleases KREX1 and KREX2 (55) and the previously studied TbDSS-1 (57, 59 ). In addition, we identified Tb09.211.3670 as a potential mitochondrial exoribonuclease when E. coli RNase D was utilized as the query sequence for BLAST. We thereby termed this putative mitochondrial exoribonuclease, TbRND. TbRND is highly conserved among kinetoplastid parasites, with homologues in T. cruzi and L. major displaying 75 and 66% amino acid identity to TbRND, respectively.
TbRND possesses a 176-amino acid 3Ј-5Ј exoribonuclease domain common to the DEDD family of exoribonucleases and an 18-amino acid sequence with very high sequence similarity to a motif specific to the RNase D subfamily (21) (Figs. 1, A and B). This subfamily includes both bacterial RNase D, a distributive exoribonuclease that acts on tRNAs, 5 SRNA, and other small RNAs in vitro (78) , and eukaryotic Rrp6, a nuclear component of the exosome that can also be cytosolic and function independent of the exosome (79 -82) . The only other trypanosome RND family protein identifiable in the sequence databases is the Rrp6 homologue, which has been experimentally determined to be nuclear and cytosolic (83) . The exoribonuclease domain of TbRND shares 24% identity and 41% similarity with that of E. coli RNase D. However, TbRND differs substantially from all other RND family members at its C terminus. Both RNase D and Rrp6 possess a C-terminal HRDC (helicase and RNase D C-terminal) domain (Fig. 1B) . Structural analysis as well as the ability of all HRDC-containing proteins to associate with nucleic acids suggests that the RNase D HRDC domain is involved in substrate binding (78) . In contrast, TbRND possesses a CCHC zinc finger domain at its C terminus, a motif unique among proteins of known exoribonuclease families (Figs. 1, A and B) . These domains, found in retroviral nucleocapsid proteins and eukaryotic gene regulatory proteins, specifically bind RNA and single-stranded DNA (84 -88) , suggesting that the zinc finger in TbRND may substitute for the HRDC domain with regard to substrate recognition. This novel domain structure and the conservation of TbRND among kinetoplastids suggest that TbRND may recognize kinetoplastidspecific RNA targets.
In keeping with the predicted mitochondrial targeting sequence present at the N terminus of TbRND (89), a comprehensive mass spectrometric analysis of the T. brucei proteome assigned TbRND a mitochondrial subcellular localization with three unique TbRND peptides detected in a mitochondria-enriched sample and no peptides detected in a total cellular protein sample (90) . Because neither RND family nor CCHC domain-containing proteins have been previously reported to be mitochondrial, we wanted to verify this localization. To this end, we generated a T. brucei cell line inducibly expressing TbRND fused to a C-terminal Myc/His/TAP (MHT) tag. Antimyc immunoblot analysis of whole cell and mitochondrial extracts from this cell line demonstrated that TbRND is highly enriched in the mitochondrial fraction (Fig. 1C) . Furthermore, TbRND-MHT co-localizes with MitoTracker Red CMXRos in the typical reticulated pattern of trypanosome mitochondrial staining in indirect immunofluorescence experiments, confirming the in silico prediction and the proteomic analysis (Fig.  1D) . Thus, TbRND is mitochondrially localized.
Trypanosomes undergo extensive alterations in mitochondrial gene expression during life cycle transitions, resulting in highly altered mitochondrial function. Because the stability of specific RNAs is likely regulated developmentally (27, 30 -33) , TbRND levels may also differ between life cycle stages. To determine whether this is the case, TbRND expression was analyzed by immunoblot with anti-TbRND antisera in the two prolific life cycle stages grown in the laboratory; that is, the insect midgut PF and the mammalian BF, with the constitutively expressed protein MRP2 as a loading control (91) . Although TbRND was easily observed in the PF cells, we were unable to gRNA Degradation by TbRND detect its presence in the BF cells despite repeated attempts (Fig. 1E) . Although we cannot rule out expression in the BF at a level undetectable by our antibody, our data clearly indicate that expression of TbRND is highly up-regulated in the PF life cycle stage.
TbRND Is a U-specific 3Ј-5Ј Exoribonuclease-To determine whether TbRND is an exoribonuclease as its DEDD domain suggests, we purified recombinant TbRND and performed in vitro RNA degradation assays. The complete TbRND ORF was expressed in E. coli with an N-terminal GST/His 6 tag and purified by sequential cobalt and glutathione affinity chromatography (Fig. 2C) . We also expressed and similarly purified a mutant protein, TbRND-D80A, predicted to be inactive based on the role of this residue in metal binding (78) and on a previous study of Rrp6 mutants (92) (Figs. 1A and 2C ) for use as a negative control. Upon SDS-PAGE analysis of the recombinant proteins, we noted that the Coomassie-stained peptides observed below the full-length product displayed a similar banding pattern as the recombinant protein detected by TbRND immunoblot (supplemental Fig. 1 ), indicating that these lower bands are pri- 12 have 3Ј ends consistent with non-encoded sequences found on 3Ј ends of T. brucei mitochondrial RNAs, whereas the substrate ending in C 12 does not. Reaction products were resolved on denaturing polyacrylamide gels ( Fig. 2A) . Surprisingly, unlike RNase D, with its inability to degrade homopolymers (23), or Rrp6, with its often oligoadenylated substrates (79, 93, 94) , TbRND was active primarily on the uridylated oligonucleotide. The lack of activity of TbRND-D80A demonstrated that exoribonuclease activity is inherent to TbRND and not due to contamination of the preparation by an E. coli exoribonuclease. Because substrates were 5Ј-labeled and trimming of the substrates was evident, this indicates a 3Ј to 5Ј progression of the enzyme. A time course analysis of TbRND activity shows that the oligonucleotide ending in U 12 was progressively trimmed for the first 30 min, after which the activity appeared to stall three to four nucleotides before the heteropolymeric region of the substrate (Fig. 2B) . The appearance and subsequent disappearance of intermediate-sized RNAs during the early time points defines them as reaction intermediates. The inability of TbRND to degrade the final portion of the uridine oligomeric region was consistent among experiments. From these data, we conclude that TbRND is a 3Ј to 5Ј, U-specific exoribonuclease.
To determine whether TbRND can utilize a mitochondrial RNA as its substrate, we performed the same assay using an in vitro transcribed 5Ј end-labeled mitochondrial gRNA as substrate. Because gRNAs possess non-encoded oligo(U) tails, they represent a potential cellular target of TbRND. We incubated increasing amounts of recombinant TbRND with 5Ј end-labeled gA6 [14] (75, 95) gRNA either possessing an oligo(U) 17 tail or lacking an oligo(U) tail for 60 min. Fig. 3 shows that TbRND was able to trim the oligo(U) tail of the gRNA but could not utilize the untailed substrate. Thus, TbRND has the potential to act on gRNAs in vivo.
TbRND Depletion Affects gRNA Oligo(U) Tail Length-With its identity as a 3Ј to 5Ј exoribonuclease confirmed in vitro, we next analyzed the role of TbRND in the mitochondria of PF T. brucei. To this end, we generated clonal cell lines expressing tet-regulated RNA interference against TbRND. We analyzed multiple clones, all of which exhibited TbRND mRNA depletion by qRT-PCR to approximately the same level. In the clone utilized in this study, TbRND mRNA levels were reduced to 0.32 Ϯ 0.01 (n ϭ 9) of normal levels (not shown).
Because TbRND is a mitochondrial exoribonuclease, TbRND-depleted cells may exhibit an over-accumulation of certain mitochondrial RNAs resulting from their enhanced stability in the absence of this exoribonuclease activity. To identify any stabilized RNAs, we performed qRT-PCR on a panel of mitochondrial RNAs that included pre-edited and edited A6, CO2, CO3, CYb, MURF2, RPS12, and ND8 mRNAs, the neveredited CO1, MURF1, ND1, and ND4 mRNAs, and the 9 S and 12 S rRNAs. In addition, qRT-PCR primers bridging the adjacent genes 9 S and ND8, CYb and A6, and RPS12 and ND5 were used to amplify preprocessed RNAs. Analyses were performed in triplicate from two biological replicates; however, none of these RNAs was significantly stabilized in TbRND-depleted cells (not shown and Fig. 4C ). Limited circular RT-PCR assays also did not reveal any substantial alterations in lengths or A/U ratios of mRNA 3Ј tails (not shown). We also analyzed the abundance of three tRNAs, Ile(UAU), Cys(GCA), and Gln(UUG), by Northern blot in RNA samples prepared from mitochondria (96) . Depletion of TbRND had no effect on the levels or sizes of these tRNAs (not shown), indicating that TbRND is not involved in the maintenance of this RNA species.
Because TbRND preferentially degrades U homopolymers and gRNA oligo(U) tails serve as an in vitro substrate (Figs. 2  and 3 ), we next analyzed the effect of TbRND depletion on the abundance and size of gRNAs. If gRNAs are in vivo TbRND substrates, depletion of TbRND would likely result in longer oligo(U) tails and, possibly, increased gRNA levels. Because there are at least 1200 different classes of gRNAs, it is not feasible to examine a large proportion of specific gRNAs by qRT-PCR or RNA blot. However, the total gRNA population can be easily assessed by direct guanylyltransferase labeling of total cellular RNA (70, 71) . To examine the effect of TbRND depletion on gRNAs in vivo, we labeled total RNA from uninduced and induced TbRND RNAi cells using [␣- 32 P]GTP and guanylyltransferase. We then visualized labeled gRNAs, which appear as a ladder of transcripts migrating between 55-70 nt, on a high resolution polyacrylamide gel (Fig. 4B) . We normalized the total signal intensities from bands in this region to the labeled cytosolic primary transcript and averaged the values from duplicate experiments. The signal from TbRND RNAi cells was 1.0 Ϯ 0.13 that of uninduced cells, demonstrating that the overall quantity of gRNAs does not change significantly upon TbRND depletion. However, a qualitative analysis of these gels shows that the gRNA population from TbRND-depleted cells is reproducibly 2-3 nt longer as a result of TbRND depletion (Figs. 4, A and B) . This suggests that gRNA oligo(U) tail length is at least partly controlled by TbRND. To determine whether this effect is specific to gRNAs or common to all uridylated RNAs, we next analyzed the 3Ј ends of 9 S and 12 S rRNAs, whose abundance did not change upon TbRND depletion in qRT-PCR assays as shown in Fig. 4C . To accurately measure changes in rRNA oligo(U) tail length, we first performed RNase H cleavage using an antisense oligonucleotide to a region of each rRNA near its 3Ј end to generate free 3Ј ends in the 60 -80-nt size range. When the RNA was electrophoresed on a 10% polyacrylamide gel, these 3Ј rRNA fragments migrated in a range in which RNAs differing in size by a single nucleotide was distinguishable. Qualitative northern blotting to detect the cleaved 3Ј rRNA fragments revealed no significant differences in the sizes of the rRNA populations between RNA from uninduced and induced TbRND RNAi cells (Figs. 4, D and E) . From these data, we conclude that TbRND specifically affects the lengths of gRNA oligo(U) tails in vivo.
TbRND-MHT Overexpression Inhibits Growth and Depletes Full-length gRNAs-To further probe the in vivo function of TbRND in mitochondrial RNA metabolism, we analyzed the effects of TbRND overexpression on mitochondrial RNA populations by comparing cells before and after the induction of TbRND-MHT. Immunoblot analysis with anti-TbRND antibodies demonstrates that the tagged protein is expressed at approximately three to four times the level of the native protein upon tet induction (Fig. 5A) . To determine whether any observed effects of overexpression required the catalytic activity of TbRND, we also generated a cell line expressing TbRND-MHT-D80A, which when induced under the same conditions, expressed the mutant protein at a level Ͼ10-fold greater than native levels. Immunofluorescence microscopy verified that TbRND-MHT-D80A localized to the mitochondria as expected (not shown). Before analysis of mitochondrial RNA populations in TbRND overexpressing cells, it was first essential to confirm that TbRND with this C-terminal extension is active. To this end, we purified tagged proteins from the TbRND-MHT-and TbRND-MHT-D80A-expressing cells by TAP, resulting in purified TbRND with Myc, His, and calmodulin binding domain tags (TbRND-MHC). The purified preparations contained single bands of expected size observable on a silver-stained SDS-PAGE gel (Fig. 5B) . We then assessed the activity of these proteins in an in vitro degradation assay as shown in Fig. 5C using gRNAs with or without an oligo(U) tail as substrates. The activities of the trypanosome-derived enzymes mimicked those of the bacterially derived proteins. That is, the wild type enzyme exhibited activity toward uridylated, but not non-uridlyated, gRNA, whereas the D80A mutant was inactive toward both substrates. We note that 20-fold less T. brucei-derived wild type protein was needed to achieve the same degree of degradation as bacterially expressed protein, possibly because a high percentage of our E. coli-derived TbRND was not properly folded or modified. Thus, the T. brucei TbRND-MHT cell line expresses active TbRND at higher than normal levels and is suitable for studying the effects of overexpression on mitochondrial RNA metabolism.
Overexpression of active TbRND-MHT resulted in a profound growth defect (Fig. 6A, top graph) , suggesting that TbRND plays an important role in mitochondrial RNA metabolism. In contrast, when we overexpressed the catalytically inactive TbRND-MHT-D80A (Fig. 6A, bottom graph) , the effect on growth was minimal, indicating that the catalytic activity of TbRND is necessary for the observed growth effects. Because we detected an effect of TbRND depletion on gRNAs, we first examined the result of TbRND overexpression on this RNA population. Guanylyltransferase labeling demonstrated that the total gRNA population was significantly reduced upon expression of the wild type (0.66 Ϯ 0.14 compared with uninduced control, n ϭ 5) but not the D80A mutant TbRND-MHT (1.3 Ϯ 0.33 compared with uninduced control, n ϭ 3; Fig. 6B ), strengthening the argument that TbRND may be responsible for some aspect of gRNA metabolism. To assess whether the observed gRNA depletion led to defects in RNA editing, we performed qRT-PCR analysis of pre-edited and edited mRNAs. Indeed, editing of almost all RNAs examined was strongly decreased (Fig. 6C) . The abundance of extensively edited RNAs, which require many gRNAs to achieve complete editing, ranged from 10 to 40% that of normal levels. Depletion was less severe, to about 50 -60% that of normal levels, in two transcripts that are only minimally edited and, thus, require only a few gRNAs. In all instances we observed an increased accumulation of pre-edited RNAs, which is expected if editing is compromised at its initial step as in the absence of abundant gRNA. Interestingly, editing of CO2 RNA was completely unaffected by TbRND overexpression. CO2 RNA is minimally edited; however, its editing is guided not by a typical trans-acting oligo(U)-tailed gRNA but by a cis-acting gRNA encoded at the mRNA 3Ј end. The absence of an effect on CO2 RNA editing implies that the inhibition of editing of other RNAs is not due to a defect in editosome function but rather in the trans-acting gRNAs. The six never-edited transcripts remained unaffected by high levels of TbRND. Finally, we observed a very modest accumulation (about 150% of normal levels) of CO2 pre-edited RNA as well as pre-processed RNA species that include a preedited mRNA. In contrast, when RNA from cells expressing catalytically inactive TbRND-D80A-MHT was used for analysis of select edited transcripts A6, CO3, CO2, and CYb, these editing-related changes in abundance were not observed (Fig.  6D) . From these data, we conclude that gRNA is an in vivo TbRND substrate, and through modulation of gRNA abundance, TbRND activity can indirectly affect RNA editing.
TbRND Is Not Part of a High Molecular Weight Complex but Associates with MRB1 Complex
Components-Many exoribonucleases, including the RND family member Rrp6, exist in macromolecular complexes with other RNA binding proteins, helicases, and exoribonucleases (16, 58, (97) (98) (99) (100) . TAP purification of TbRND-MHT resulted in a protein preparation with no other proteins observable by silver stain (Fig. 5B) . However, the process of purification may have disrupted interactions it would normally have with other proteins, or the higher level of expression of tagged TbRND may have skewed the cellular ratio of TbRND with its normal binding partners. To determine whether TbRND is normally part of a protein complex, we fractionated mitochondrial extract from wild type cells on a 10 -30% glycerol gradient and probed by immunoblot for the presence of endogenous TbRND (Fig. 7A) . We observed TbRND exclusively in fractions 1 and 2, indicating that TbRND is not a stable component of a large complex able to withstand glycerol gradient sedimentation.
The absence of a readily observable stable macromolecular complex containing TbRND does not rule out more transient and/or substoichiometric associations. Furthermore, in the gradient fractionation range where TbRND is observed, very small complexes would be indistinguishable from TbRND monomers. To address the possibility of these types of associations, we performed LC-MS/MS analysis on a TbRND-MHC preparation in an effort to identify interacting partners. As expected, by far the most peptides, 31 unique peptides in total, were products of digestion of TbRND or its tag. Notably, among the other products of trypsin digestion present in lower abundance, we identified multiple peptides from four members the mitochondrial RNA binding complex 1 (MRB1). The MRB1 complex appears to have multiple roles in mitochondrial RNA metabolism, including functions in gRNA stability, mRNA stability, and RNA editing (60, 61, 66, 73, 101, 102 ). Different members of this complex have co-purified depending on which 6 cells. PRMT1 is a loading control. B, shown is a silver-stained SDS-PAGE gel of purified wild type and D80A mutant TbRND-MHC proteins, with their position indicated by an arrow. C, shown is a PAGE analysis of reaction products after digestion of gA6 [14] with (79 nt) and without (62 nt) an oligo(U) 17 tail by wild type and D80A mutant TbRND-MHC shown in B.
component was tagged for purification and in which laboratory the study was performed (61, 66, 101) . In our TbRND-MHC preparation, we detected GAP1 and GAP2, which comprise a 200-kDa heterotetramer (GAP1/2) and are of interest because they bind and stabilize gRNAs (39, 60, 61) . In addition, we identified TbRGG2, a protein that affects editing of pan-edited RNAs at least partially by affecting gRNA utilization (66, 67) and Tb927.4.4160, whose function is unknown. To confirm the LC-MS/MS results and determine whether additional members of the MRB1 complex associate with TbRND, we per- formed immunoblot analysis on the TbRND-MHC protein preparation with available antibodies (Fig. 7B) . TAP preparations of two unrelated proteins, TbPRMT6 and TbPRMT7, were included as negative controls for nonspecific binding. TbRGG2 and GAP1 were readily detected in TbRND purifications but not in control purifications, confirming the LC-MS/MS results. In contrast, another member of the complex found in one MRB1 pulldown assay, Tb927.2.6070 (101), was not present. These data suggest that TbRND does not associate with the MRB1 complex in one of its larger forms, but rather, TbRND may interact with individual complex components or small subcomplexes, consistent with the apparent small size of TbRND on glycerol gradients (Fig. 7A) . Finally, in an effort to clarify the TbRND-GAP1/2 relationship, we generated cells expressing HA-tagged GAP1 and performed co-immunoprecipitation assays (not shown). However, we did not detect TbRND in GAP1-HA precipitates. Collectively, these data suggest a scenario whereby a small percentage of purified TbRND-MHC is bound to gRNAs that are also associated with the MRB1 complex or subcomplexes thereof, consistent with a role for TbRND in gRNA metabolism.
DISCUSSION
Here we show that TbRND, the first reported organellar member of the RNase D family, is a U-specific 3Ј-5Ј exoribonuclease. Oligouridylated gRNAs that are trans-acting factors in kinetoplastid RNA editing act as substrates for TbRND both in vitro and in vivo. TbRND resembles other members of the RNase D family in that one of its in vivo targets is a small noncoding RNA. However, gRNAs are specific to kinetoplastid protozoa, consistent with the unusual domain structure of TbRND in which a CCHC zinc finger replaces the HRDC substrate binding domain of other RNase D family enzymes. We speculate that substrate binding by the CCHC zinc finger may confer oligo(U) specificity, as this is what sets TbRND apart from the other RNase D-like enzymes that do not degrade U-tailed RNAs. To our knowledge, no other exoribonucleases containing such a domain have been reported in any organism. TbRND is mitochondrially localized, as demonstrated by immunofluorescence and immunoblotting, consistent with its ability to degrade gRNA oligo(U) tails. Expression of TbRND is developmentally regulated during the T. brucei life cycle, being detectable only in the PF stage.
Several lines of evidence indicate that TbRND plays a role in gRNA metabolism in vivo. First, upon RNAi-mediated depletion of TbRND, the total gRNA population is extended by 2-3 nt. Second, overexpression of TbRND leads to a significant depletion of the total gRNA population, which is reflected in a consequent inhibition of RNA editing. TbRND exhibits specificity for gRNAs in vivo as rRNAs, which also possess oligo(U) tails, are unaffected by TbRND depletion or overexpression. Finally, TbRND pulldown assays contain a subset of proteins from the MRB1 complex, notably GAP1/2 and TbRGG2, which are thought to function in gRNA stabilization and utilization, respectively (60, 61, 67) . Additional reported members of the MRB1 complex were absent from TbRND pulldown assays, indicating the specificity of the TbRND interaction with proteins involved in gRNA maintenance and usage. The 2-3-nt extensions of gRNAs observed in TbRND-depleted cells imply that the enzyme constitutively accesses and nibbles at gRNA 3Ј ends. The observation that TbRND can degrade oligo(U) tails longer than 2-3 nt in vitro suggests that TbRND is actively prevented from degrading further into gRNA oligo(U) tails in vivo. One possibility is that GAP1/2 stabilizes gRNAs against TbRND-mediated decay by blocking TbRND progression. Although GAP1/2 is capable of binding the encoded portion of gRNAs (39) , it may physically occlude access of TbRND to the majority of the oligo(U) tail. If this scenario were correct, one would predict that gRNAs, which decay in GAP1/2 knockdowns (60, 61) , would remain stable if GAP1/2 and TbRND were simultaneously knocked down. We did not observe stabilization of gRNAs under these conditions 3 ; however, we cannot rule out that the remaining TbRND is still sufficient for gRNA decay in the absence of GAP1/2. Alternatively, TbRND progression may be impeded in vivo by other gRNA binding proteins or intermolecular RNA-RNA interactions.
In vitro, TbRND is completely unable to degrade an RNA lacking an oligo(U) tail. On oligo(U)-tailed RNAs, TbRND efficiently degrades the oligo(U) tail to nt Ϫ3 or Ϫ4 before the start of the heteropolymeric region of the RNA. A similar activity has been reported for the mammalian poly(A)-specific ribonuclease, an adenine-preferring exoribonuclease that also binds and cleaves poly(U) and belongs to the same exoribonuclease superfamily as TbRND (103) . The authors showed that when A 20 or U 20 substrates were used, the reaction proceeds through multiple kinetically distinct reaction phases including very retarded kinetics once the homopolymer had shortened to A 4 or U 5 . Poly(A)-specific ribonuclease was hypothesized to degrade long substrates better than short substrates because the longer substrate could bind to regions outside of the active site (103) . fering length U-tails will provide insight into whether poly(A)-specific ribonuclease and TbRND exhibit similar mechanisms in this regard. Interestingly, we previously reported that in mitochondrial extracts, gRNAs undergo biphasic decay, entailing rapid deuridylation followed by a slower decay of the encoded portion of the gRNA (104) . Our data suggest that TbRND may function in the first step of this decay process. Based on results from cells in which TbRND is overexpressed, removal of the oligo(U)-tail by TbRND appears to leave the remainder of the gRNA susceptible to decay, likely by another exoribonuclease. Conversely, in vivo gRNA decay studies in cells depleted of RET1, the TUTase that adds oligo(U)-tails to gRNAs, suggested that removal of the oligo(U) tail does not lead to gRNA destabilization (39) . Likely the conflicting results are due to the very different cell lines examined. Additional experiments are necessary to clarify the role of gRNA oligo(U) tails in gRNA stability.
Several questions regarding the in vivo role(s) of TbRND remain. For example, when in the life cycle of a gRNA does it become subject to TbRND-mediated decay? Although gRNAs must be degraded at some point in their life cycles, almost nothing is known about the timing of this process. Early studies of a limited number of gRNAs suggest that their abundance does not change in parallel with their developmentally regulated cognate mRNAs (33, 95, 105) . Rather, gRNAs generally accumulated in an inverse relationship to their cognate edited RNAs, implying that gRNAs are degraded as a consequence of the editing process (105) . Thus, one potential role for TbRND is in a basal-level editing-linked gRNA decay pathway. This raises a second question as to why TbRND appears to be absent or in very low abundance in BF. There may be additional or redundant enzymes that perform this function in BF. Alternatively, a low level of TbRND may suffice in BF mitochondria, which require editing (106) but whose function is down-regulated compared with PF. It is of interest in this regard that TbRGG2, which is involved in gRNA utilization and is essential in BF, is nevertheless present at 10-fold lower levels in BF than PF (67) . Future studies will be aimed at determining the precise timing of TbRND action in gRNA metabolism and understanding the role of its novel zinc finger domain.
